. Greenblatt, personal communication). performed in vitro experiments to determine whether
Since the P/CAF, Gcn5, and TAF1 bromodomains Bdf1 interacts with histones. Glutathione S-transferase show an in vitro preference for acetylated histone tails, (GST) was fused to the first bromodomain, both bromowe tested whether Bdf1 binds acetylated histone tails domains, and full-length Bdf1. Fusion proteins were with higher affinity. To compare the binding of Bdf1 to bound to glutathione agarose beads and incubated with different acetylated forms of histones, GST-Bdf1 was calf thymus histones. After extensive washing, proteins incubated with a mixture of HeLa histones. The presence bound to the beads were analyzed by SDS-PAGE and of multiple acetylated forms of histones allows us to Coomassie staining ( Figure 1A ). Binding to histones H3 directly compare the binding affinity for different species and H4 was observed with full-length Bdf1 and the douin the same reaction. The bound and supernatant fracble bromodomain fusion proteins. If there was binding tions were resolved on a Triton-acetic acid-urea (TAU) to the single bromodomain fusion protein, it was below gel, which resolves the various modified forms of histhe limit of detection in this assay. The ability of the tones (Figure 2A ). GST alone shows no binding to hisdouble bromodomain to bind histones with higher affintones. Histones bound to Bdf1 match the distribution ity is consistent with previous findings that the two broof the input histones, with the exception of histone H4. modomains can bind histones cooperatively (Dhalluin In the bound fraction, non-, mono-, and diacetylated et al., 1999; Jacobson et al., 2000).
forms of H4 are underrepresented while multiply acetTo determine whether Bdf1 binds directly to histone ylated forms are overrepresented relative to the input. tails, GST fused to individual histone tails was tested for
The level of bound tetraacetylated form of H4 is approxicoprecipitation with full-length Bdf1. The GST-histone mately 4-fold higher than that of the nonacetylated form. fusion proteins were bound to glutathione beads and Therefore, Bdf1 preferentially binds to multiply acetincubated with recombinant, His-tagged Bdf1. The presylated forms of histone H4. Since Bdf2 is closely related to Bdf1, similar experience of His-tagged Bdf1 on the beads was detected by ments were performed to compare binding of Bdf1 and ture sensitive and grows slightly slower than wild-type cells at 25ЊC. Under these conditions, BDF2 supports Bdf2 to hyperacetylated HeLa histones. Strikingly, while Bdf1 prefers hyperacetylated forms of histone H4, Bdf2 viability but only partially compensates for the absence of BDF1. Although a BDF2 deletion has no obvious phebinds equally well to all histone H4 species ( Figure 2B) . Therefore, different bromodomains can show distinct notype, a bdf1⌬bdf2⌬ strain is inviable, suggesting that the two genes are redundant for an essential function ligand specificity, and bromodomain binding to histones is not strictly acetylation dependent. (Matangkasombut et al., 2000) . In the presence of wild-type BDF1, the tails of either H3 or H4 are nonessential. However, deletion of the H4 Genetic Interactions between Bdf1 and Histone Tails To determine whether the interaction between Bdf1 and tail is synthetically lethal in combination with bdf1⌬. The H3 tail deletion is not lethal in combination with bdf1⌬, histone H3 and H4 tails was relevant in vivo, mutations in the histone tails and a deletion of BDF1 were combut the double mutant shows a synthetic slow growth phenotype. This suggests that both histone tails may bined. The BDF1 gene was deleted in a strain designed for plasmid shuffling of the histone H3 and H4 genes play a role in the function of the Bdfs in vivo, with H4 being particularly important. (Zhang et al., 1998). Both chromosomal copies of the histone H3 and H4 genes are deleted but viability is More compelling were interactions between the bdf1⌬ and histone H4 alleles mutated at the lysines that are supported by histone H3 and H4 genes carried on a URA3 marked plasmid. Histone mutant plasmids were sites of acetylation. Acetylation of all four lysine residues of H4 is seen in actively transcribed euchromatin, while shuffled in using 5-FOA selection. The phenotypes of the resulting strains are summarized in Table 1 . With H4 is hypoacetylated in silenced domains (Grunstein, 1997). Although single lysine changes did not lead to wild-type histones, a BDF1 deletion strain is tempera-for viability (Grant et al., 1998a (Grant et al., , 1998b had poor spore viability, so a bdf1⌬ strain was transformed with a URA3 marked plasmid carrying wild-type BDF1 before crossing. Spores carrying both gcn5⌬ and bdf1⌬ alleles were recovered and tested for the ability synthetic phenotypes, alleles with two mutated lysines to lose the plasmid on 5-FOA plates. As shown in Figure  showed interactions with bdf1⌬. Strikingly, mutation of 3B, the strains with both genes deleted grew as well as H4 lysines 8 and 16 to arginine (which mimics a constitustrains with a single deletion. The SPT3 deletion also tively nonacetylated lysine) is lethal in combination with shows no synthetic phenotypes in combination with bdf1⌬. Similarly, a double K5R/K12R mutant grew very bdf1⌬ (data not shown). However, complete loss of the slowly in the absence of Bdf1. These interactions were SAGA complex, caused by deletion of the Spt20 (Figure allele specific because no synthetic phenotypes were 3C) or Ada1 genes (data not shown), is lethal when seen when the same residues were mutated to glutacombined with bdf1⌬. These results suggest that the mine (which mimics a constitutively acetylated lysine).
SAGA complex but not its HAT activity affects Bdf1 In contrast, mutations of lysine residues in H3, either function in vivo. to arginine or glutamine, did not show any synthetic phenotypes when combined with bdf1⌬. These results support the in vitro preference of Bdf1 for hyperacetCorrelation between Bdf1/Histone H4 Interaction and Transcription ylated H4 and suggest that Bdf1 function is sensitive to the acetylation state of transcriptionally relevant H4
The importance of the Bdf1 bromodomains in vivo was examined by analysis of deletion and site-directed mulysines in vivo.
We previously found that BDF1 and BDF2 are partially tants. Deletion mutants lacking either bromodomain fail to complement the temperature sensitivity of a bdf1⌬ redundant but that deletion of BDF1 gives rise to more severe phenotypes than deletion of BDF2 ( . Residues were individually mutated in one or both of the Bdf1 bromodomains, and resulting mutant genes were tested for phenotypes ( Figure 4A ). All BDF1 alleles mutated in only one bromodomain were functional, as assayed by the ability to support viability in a bdf1⌬ bdf2⌬ strain. In contrast, most of the mutants changed in both bromodomains did not have full Bdf1 activity despite the fact that they were expressed at levels equal to wild-type protein (data not shown). This suggests some redundancy between the two bromodomains. The Y187A/Y354A and N230A/ N397A mutants were unable to support viability in a bdf1⌬ bdf2⌬ strain, while the P194T/M195A/P361T/ M362A quadruple mutant was slow growing and temperature sensitive. Surprisingly, even those Bdf1 mutants that could not support viability could suppress the temperature sensitivity associated with a bdf1⌬ BDF2 strain, suggesting there may be a second structural role for Bdf1 that is not dependent upon the bromodomains. These results show that the bromodomains of Bdf1 are important for viability, especially in the absence of Bdf2.
To determine if phenotypes caused by bromodomain mutations are due to defects in histone binding, histone binding activities of these mutants were tested. Recombinant GST-Bdf1 fusion proteins carrying the bromodomain mutations were incubated with HeLa histones. The supernatant and bound fractions were resolved on a TAU gel ( Figure 4B ). Histone binding activity correlated well with the in vivo phenotypes of the mutants. The P176A/P343A allele, which has no mutant phenotype, displays the same histone binding as wild-type protein, including a preference for the hyperacetylated forms of H4. The same result was observed with the F229A/ F396A allele, which also has no mutant phenotype (data not shown). In contrast, Y187A/Y354A, which cannot support viability, shows significantly less H4 binding and no preference for the hyperacetylated form of histone H4, although it can still bind to other histones and nonacetylated H4. Based on the Gcn5 structure, this tyrosine is predicted to directly interact with the acetylated lysine of H4. The N230A/N397A mutant, which also fails to support viability, has little binding activity. The P194T/M195A/P361T/M362A mutant also has a de- 
Association of Bdf1 with Chromatin
tergenic sequence on Chromosome V (Figure 6A ), the coding sequences of ADH1 and PMA1 genes (data not To determine if Bdf1 associates with chromatin in vivo, chromatin immunoprecipitation (ChIP) experiments shown), and the transcriptionally silent mating type locus and telomere VI ( Figure 6B ). This crosslinking is were performed. Epitope-tagged wild-type and Y187A/ Y354A Bdf1 were expressed in a bdf1⌬BDF2 strain. An significant since ␣-HA antibody precipitates only a very small amount of DNA from the untagged strain. Furtheruntagged BDF1 strain was used as a negative control. Crosslinked chromatin was sheared and immunoprecipmore, this association is disrupted by the bdf1 Y187A/ Y354A mutant. The changes in Bdf1 crosslinking is not itated with ␣-HA (12CA5) antibody to precipitate HA3-tagged Bdf1 or an anti-TBP antibody. DNA coprecipidue to differences in chromatin preparation because TBP crosslinks to promoters and at equivalent levels in tated with the indicated proteins was decrosslinked and analyzed by quantitative PCR (Figure 6A ). Primer pairs all strains. PCR products from 10-fold dilutions of input chromatin show that input from the different strains is specific for the promoters of ADH1, RPS5, RPL5, RPS8A, RPL9A, and RPS11B, and for a nontranscribed inequivalent. In summary, Bdf1 associates with chromatin in vivo, tergenic sequence on chromosome V were used to amplify input and coprecipitated DNA. HA-tagged Bdf1 is albeit without promoter localization as might have been predicted from the association with TFIID. Importantly, associated with all sequences tested, including the in- , we see significant binding of Bdf1 bromodomains to nonacetylated histone tails more, the interaction between the bromodomains of Bdf1 and histone H4 is required for coimmunoprecipitain vitro ( Figures 1A, 1B, and 2A) . The bromodomain of Gcn5 can also bind nonacetylated histones, and the tion of Bdf1 with chromatin in vivo. There may also be some interactions between Bdf1 and histone H3. Alcritical tail residues for this interaction are arginines close to the acetylated lysine residues (Ornaghi et al., though we observe direct binding in vitro, the in vivo data suggest that any role for H3 tails in Bdf1 function 1999). The cocrystal structure of Gcn5 bromodomain and histone H4 tail shows that the bromodomain forms in vivo may be indirect.
Bdf1 and Bdf2 are closely related and genetically resecondary contacts with residues at ϩ2 and ϩ3 C-terminal to the acetylated lysine residue (Owen et al., 2000). dundant in that one or the other is necessary and sufficient for viability (Matangkasombut et al., 2000) . SurprisAlthough an unacetylated lysine may be less favorable for bromodomain binding, secondary contacts might be ingly, Bdf2 differs from Bdf1 by binding equally well to all forms of histone H4 without preference for acetylation sufficient for binding at higher concentrations of proteins. These secondary contacts may also play a role ( Figure 2B ). Furthermore, bdf2⌬ does not exhibit the synthetic lethal interactions seen with bdf1⌬. It has been in determining ligand specificity of the bromodomains. Differences in the sequences of the bromodomains of widely assumed that all bromodomains preferentially interact with acetylated histone tails. This feature of the Bdf1 and Bdf2 in the region that make these secondary contacts might lead to their distinct binding preferences. histone code hypothesis must now be revised to include the possibility that any individual bromodomain may
The synthetic lethality between bdf1⌬ and a histone H4 tail deletion or nonacetylatable mutants suggest that oes the observation that a histone H4 with all four acetylated lysines mutated to glutamine can support viabil-H4 acetylation is important for Bdf1 function. Particularly striking is the allele specificity seen for double substituity, while an allele with all four lysines changed to arginine is lethal (Megee et al., 1990 ). tions at lysines 8 and 16. Changing both of these residues to glutamine, which may mimic an acetylated lyConsistent with the histone interactions, a mutation in the H4 HAT Esa1 but not the H3 HAT Gcn5 also sine, did not have an effect in the bdf1⌬ background. However, changing these same residues to arginine, shows a synthetic lethal phenotype with bdf1⌬. These interactions are specific to BDF1 as bdf2⌬ shows no which preserves the charge of the unacetylated lysine, was lethal when combined with bdf1⌬. This finding echsynthetic phenotype in combination with these muta-tions (data not shown). It is intriguing that bdf1⌬ is synphosphorylation status. We are currently testing these possibilities. thetically lethal with spt20⌬ and with ada1⌬ but not gcn5⌬ or spt3⌬. Since spt20⌬ or ada1⌬ disrupts the Its widespread localization suggests that Bdf1 may also be part of other complexes or a general component entire SAGA complex, while gcn5⌬ or spt3⌬ disrupts only one of the two major functions of SAGA, the genetic of chromatin. These possibilities are supported by the fact that all eukaryotes contain several proteins (in addiinteractions suggest that both functions of SAGA need to be disrupted for synthetic lethality with bdf1⌬. One tion to TAF1) with two bromodomains and an acidic C-terminal domain ( ., 2000) . Alternatively, the lower affinity also MMS sensitive (Chua and Roeder, 1995), and it will be important to determine whether Bdf1 has a chromaof Bdf1 for unacetylated histone H4 and/or H3 tails may lead to binding throughout the genome.
tin-related role in DSB repair. Future biochemical and genetic studies, including the purification of Bdf1-conWe previously found that Bdf1 associates with TFIID and show here that Bdf1 binds specifically to histones taining complex(es) and characterization of Bdf1 phosphorylation sites, will help clarify its roles in the cell. It H3 and H4. Therefore, Bdf1 may act as a bridge that mediates an interaction between TFIID and acetylated will also be of interest to determine whether Bdf2 has a specialized role in the cell or performs the functions histones. The double bromodomain of higher eukaryotic TAF1 has been shown to interact specifically to acetof Bdf1 under growth conditions that lead to low levels of histone acetylation. ylated histone H4 peptide, especially the diacetylated forms (Jacobson et al., 2000) . It was proposed that the double bromodomain binds simultaneously to two acet- 
